The fatigue strength of Q345B steel plate with a central hole after shot blasting is studied herein. The improvement of fatigue strength related to the failure behavior is highlighted with due analysis of fatigue cracks initiation at the defect below the condensed surface induced by shot blasting. The effect of stress concentration is shown to be non-ignorable in the fatigue strength analysis. Codified fatigue categories in accordance with EN 1993-1-9 are used in drawing a comparison of studied fatigue behavior. Finally, an analytical model based on a modified reference model is proposed for the evaluation of the test fatigue strength results. It is demonstrated that the predicted results agree well with test data, since the stress ratio and the size of the defect as well as the stress concentration are appropriately considered.
Introduction
Since steel girders in bridge structures mostly suffer from cyclic loadings, fatigue cracks often appear around rivet or bolt holes. For bolted joints, the bolt diameters are normally smaller than the hole diameters, which allows slip to occur. In this case, the force is transferred by bearing between the edge of the hole and the bolt to the bolt. For rivet joints, on the other hand, rivets fill the hole where they are installed to establish a very tight fit so that the rivet would fail before it can redistribute load to other loosely fit fasteners. The study of the plate with a central hole detail is fundamental for the fatigue design of both kinds of joints, as it provides a basic understanding of the joints with loose fasteners or without the occurrence of slip. In fact, the structural stress concentration is inevitably introduced with the presence of the hole detail on the plate. If the growth of the fatigue cracks remains undetected, the local fatigue crack may propagate to cause catastrophic failure [1, 2] . The understanding of the fatigue crack initiation from the bolt or rivet hole is important for maintenance and retrofit requirements. It has been demonstrated [2] that most of these kinds of cracks are generally initialized from the local stress concentrated on the bolt hole and propagated along the surface of the plate. However, the location of crack initiation is prone to change with the variation of surface stress conditions under surface treatment. Regarding this, it is also worth comparing the fatigue crack initiation behavior of a typical steel plate with a central hole detail as a basic and isolated issue from the complicated interactive loading behavior between several components of riveted or bolted joints.
The surfaces of repeatedly stressed specimens are known to be vulnerable to tension stresses, no matter how perfectly they are finished. The fatigue strength of prepared specimens will be improved with this regard when compressive stress can be introduced to lessen the tensile stresses [3] [4] [5] . In shot blasting, the metal projectile is often employed with compressed air or mechanical centrifugal force as the driving force and friction to remove metal corrosion. A resultant rough surface can be obtained for a mechanical bond between the coating and substrate. As an additional effect, the strength of the materials after shot blasting can be increased to some extent. Naidu et al. [6] experimentally investigated the effect of shot blasting on plain fatigue (without fretting) and fretting fatigue behavior of Al-Mg-Si alloy AA6061. It was found that shot blasting significantly increased the plain fatigue life and fretting fatigue life at a maximum cyclic stress, but at higher stress levels shot blasting slightly reduced both the plain fatigue life and fretting fatigue life. Gil et al. [7] experimentally studied the effect of shot blasting on the cyclic deformation and fracture behavior of commercial pure titanium with two different microstructures. It was proved that the fatigue life in different microstructures is improved since the crack initiation site changes from the surface of the specimen to the interior of the specimen. The author believed that the increase of fatigue resistance was due to the layer of compressive residual stress on the surfaces of titanium, which also brought favorable osseointegration. Khan et al. [8] tested shot-blasted AM60 Mg alloy under low humidity, high humidity, and 5% NaCl environments. The shot-blast specimens showed improved fatigue strengths of 125%, 180%, and 250%, respectively. It was also confirmed that a fatigue crack started to propagate when the size of the corroded area increased to reach the threshold stress intensity factor range of the test material. Recently, Fujimoto et al. [9] experimentally studied the fatigue life of shot-blast spot welded joints using high strength steel sheets. It was found that the shot blasting on the outer surface of the steel sheets delayed both the initiation of the fatigue cracks, which occurred from the notch tip of the corona bond lying around the nugget of the non-shot-blasted overlapped face, and their propagation towards the outer surface. Gerin et al. [10] experimentally studied the influence of the surface integrity on the fatigue behavior of a shot-blasted hot-forged connecting rode. The most influential surface integrity parameters on fatigue behavior were found, and the forging defects on fatigue strength were analyzed. Although shot-blasting has been widely applied for different alloy materials before carrying coating to increase the adhesive strength, its beneficial effect on the fatigue strength improvement has still not been sufficiently understood. In qualifying such an effect, some simplified calculations for the fatigue strength were suggested by Yamabe et al. [11] ; however, the suitability of their application in the analysis of shot-blast steel plate with central hole details is still unknown.
In this paper, the effect of shot blasting on the fatigue strength of steel plate with a central hole is studied. The shot blast-induced surface condition as well as its induced fatigue crack initiation mode is analyzed and discussed. The experimental fatigue strength versus life relations obtained from experiment are compared with codified fatigue detail categories. Finally, the experimental fatigue strength is analyzed based on a theoretical prediction, and comments are given for its related parameters as well as its further application.
Experimental Method
The material used for the test specimens was Grade 345B low alloy steel, in accordance with the Chinese national standard GB/T1591. Related chemical composition and mechanical properties are shown in Table 1 . The shape and dimension of the test specimens are shown in Figure 1 . In the fabrication, all the test specimens were cut from one steel sheet with accurate geometric dimension control to obtain a final shape of 300 mm × 30 mm × 6 mm. The center hole with the radius of 6 mm was drilled with the use of standard laser cutter. The center of the hole was kept in line with the centerline of the steel plate. In the cutting process, the plate was penetrated as the laser beam moved, melting the materials as it passed. Afterwards, the cut part was blown out with a stream of gas to complete the formation of the hole. The specimens, which were prepared to be shot blasted, were polished with emery papers of fine particles (i.e., Grit number from 400 to 1600) and then subjected to shot blasting. Related shot blasting conditions are listed in Table 2 . The spherical balls used in the shot blasting were alloy steel of a diameter ranging between 0.6 mm and 0.8 mm. The nozzle of the shot blasting device was kept normal to the surface blasted. The shot blasting coverage, which is defined as the proportion of surface area blasted, was taken as 100% with careful examination around the central hole. For the sake of obtaining higher residual compressive stresses, the output of the blasting was chosen as 11 kW in the present study. The blasting time of 2 min was taken on both sides of the plate to obtain a relatively stable shot blasting effect on the basis of many shot blasting trial tests with varying blasting duration. Before and after shot blasting, the surface conditions of the test specimens were determined by roughness measurement using profiled geometry. A fatigue testing machine, EHF-UV050k2-020-0A, of 50 kN capacity fabricated by Shimadzu Corporation (Kyoto, Japan) was employed. Fatigue testing was performed under load control at a constant stress ratio of 0.1. All tests were conducted at room temperature and humidity. The failure of a test specimen was defined as the rupture of the plate or as when the fatigue crack reached the plate tip, i.e., a crack length of 9 mm. The fatigue life was determined as the corresponding number cycles at the failure of the test specimen. If the test specimen had not failed when the loading cycles surpassed 10 7 , the fatigue test was also terminated. The stress ranges of test specimens were calculated based on the actually measured cross-sectional area.
Experimental Results

Roughness Analysis
The surface scans of test specimens were made using a Surfcom 5000 surface texture and contour integrated measuring instrument fabricated by Tokyo Seimitsu (Kyoto, Japan). Figure 2 and Table 3 show a typical scan result for the specimen after shot blasting under the vertical and horizontal magnifications of approximately 500 and 10, respectively. The variation of roughness within the measure distance is easily distinguishable, which indicates individual shot impacts on the surface. The listed roughness of test specimens after shot blasting was notably higher than that without shot blasting. This means the difference of surface roughness is greatly reflected as a result of the pre-stressed compressive effect. With the aid of the X-ray diffraction technique, the magnitude of residual compressive stress by shot blasting was determined as 180 MPa to a depth of approximately 0.09 mm from the surface. The specimens, which were prepared to be shot blasted, were polished with emery papers of fine particles (i.e., Grit number from 400 to 1600) and then subjected to shot blasting. Related shot blasting conditions are listed in Table 2 . The spherical balls used in the shot blasting were alloy steel of a diameter ranging between 0.6 mm and 0.8 mm. The nozzle of the shot blasting device was kept normal to the surface blasted. The shot blasting coverage, which is defined as the proportion of surface area blasted, was taken as 100% with careful examination around the central hole. For the sake of obtaining higher residual compressive stresses, the output of the blasting was chosen as 11 kW in the present study. The blasting time of 2 min was taken on both sides of the plate to obtain a relatively stable shot blasting effect on the basis of many shot blasting trial tests with varying blasting duration. Before and after shot blasting, the surface conditions of the test specimens were determined by roughness measurement using profiled geometry. A fatigue testing machine, EHF-UV050k2-020-0A, of 50 kN capacity fabricated by Shimadzu Corporation (Kyoto, Japan) was employed. Fatigue testing was performed under load control at a constant stress ratio of 0.1. All tests were conducted at room temperature and humidity. The failure of a test specimen was defined as the rupture of the plate or as when the fatigue crack reached the plate tip, i.e., a crack length of 9 mm. The fatigue life was determined as the corresponding number cycles at the failure of the test specimen. If the test specimen had not failed when the loading cycles surpassed 10 7 , the fatigue test was also terminated. The stress ranges of test specimens were calculated based on the actually measured cross-sectional area.
Experimental Results
Roughness Analysis
The surface scans of test specimens were made using a Surfcom 5000 surface texture and contour integrated measuring instrument fabricated by Tokyo Seimitsu (Kyoto, Japan). Figure 2 and Table 3 show a typical scan result for the specimen after shot blasting under the vertical and horizontal magnifications of approximately 500 and 10, respectively. The variation of roughness within the measure distance is easily distinguishable, which indicates individual shot impacts on the surface. The listed roughness of test specimens after shot blasting was notably higher than that without shot blasting. This means the difference of surface roughness is greatly reflected as a result of the pre-stressed compressive effect. With the aid of the X-ray diffraction technique, the magnitude of residual compressive stress by shot blasting was determined as 180 MPa to a depth of approximately 0.09 mm from the surface. 
Fractographic Observation
All of the test specimens failed with the fatigue fracture initiated at the edge of the central hole. The fracture surfaces of test specimens were examined by means of a scanning electron microscope (SEM, Hitachi, Ltd., Tokyo, Japan). A typical observation at the stress range of 210 MPa is shown in Figure 3 . The crack initiation can be seen at the defect induced by shot blasting on the fracture surface. This defect can be regarded as the critical defect, since its further propagation can lead to first crack initiation. By zooming in on the defect from the magnification of approximately 30 to 400 and 1000, the initial side size of the defect can be approximated as 260-280 μm, which is lower than that for the specimen without shot blasting (350-370 μm). This is expected, as shot blasting brings compressive pre-stress on the surface which in turn condenses the size of the defect. 
Stress Range Versus Fatigue Life (S-N) Relation and Comparison
The nominal stress approach has been applied extensively in fatigue design of steel components by most codes. This approach is based on the relation between the stress range, Δσ, and the number of cycles to failure, N, as:
where exponent m is the slope of the S-N relation, and C is the material constant-related parameter [12] . The fatigue design procedure is based on relating the detail with respect to the nominal stress 
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Stress Range versus Fatigue Life (S-N) Relation and Comparison
The nominal stress approach has been applied extensively in fatigue design of steel components by most codes. This approach is based on the relation between the stress range, ∆σ, and the number of cycles to failure, N, as:
where exponent m is the slope of the S-N relation, and C is the material constant-related parameter [12] . The fatigue design procedure is based on relating the detail with respect to the nominal stress range with a specific category. For comparison, the S-N relation suggested by EN 1993-1-9 [13] is taken into account by assuming slope m = 3 and calculating for a confidential level of 95% probability of survival for log(N). The S-N relation is defined as:
If log(C) has been calculated, the design category can be calculated as:
Fatigue test data (FAT) are summarized and plotted on a standard S-N diagram as shown in Figure 4a . Fatigue categories, i.e., FAT 90, FAT 100, FAT 125, and FAT 160, represent the fatigue strengths at 2 million cycles as codified in the EN 1993-1-9 [13] . The arrow denotes that the fatigue failure had not taken place when the tests were terminated at nearly 10 7 cycles. The test data is fitted by the method of least squares, in which the life results within the fatigue limit are not taken into account in the fitting the parameters. Using free regression analysis, the corresponding S-N relations for test specimens can be expressed as:
(i) For specimens without shot blasting:
(ii) For specimens with shot blasting: log(N) = 13.71 − 3.258 log(∆σ)
The comparison of test data in Figure 4 shows that the specimen without shot blasting is close to FAT 90, which agrees with the codified suggestion for drilled holes [13] . In contrast, the specimen after shot blasting exhibits a notable increase in the fatigue strength, which can be classified as FAT 160. To better the diagrammatic presentation and comparison, the linearized boundaries method outlined by Reference [14] was introduced, as shown in Figure 4b . It can be seen that a single slope represented by this method can be useful in the correlation with the test data, justifying the necessity of a global and simplified approach. range with a specific category. For comparison, the S-N relation suggested by EN 1993-1-9 [13] is taken into account by assuming slope m = 3 and calculating for a confidential level of 95% probability of survival for log(N). The S-N relation is defined as:
FAT 10
(ii) For specimens with shot blasting: log( ) 13.71 3.258log( ) N = − Δσ
The comparison of test data in Figure 4 shows that the specimen without shot blasting is close to FAT 90, which agrees with the codified suggestion for drilled holes [13] . In contrast, the specimen after shot blasting exhibits a notable increase in the fatigue strength, which can be classified as FAT 160. To better the diagrammatic presentation and comparison, the linearized boundaries method outlined by Reference [14] was introduced, as shown in Figure 4b . It can be seen that a single slope represented by this method can be useful in the correlation with the test data, justifying the necessity of a global and simplified approach. 
Discussion
The fatigue strength of steel plate with a central hole is significantly influenced by shot blasting when the fracture surface is concerned. As shown in Figure 3 , the fatigue crack is prone to initiate from the defect below the plate surface. For the shot-blasted specimens studied herein, the fatigue failure is influenced by both the defect induced by the shot blasting process and stress concentration at the edge of the central hole. In the former case, the fracture surface at the critical defect reported by Gerin et al. [10] is referred and compared with test observation in Figure 5 . It can be seen that the initiation of crack at the aforementioned defect location is similar from this comparison. The internal defects that can be regarded as the original defects close to the surface are condensed as a result of the compressive pre-stress induced by shot basting. Moreover, this agrees with the reported observation by Naidu et al. [6] that the initial direction of the crack of the shot-blasted specimen follows a much shallower angle to the surface. This can be regarded as the consequence of the residual compressive stresses existing in the surface, which translates the direction of the principal tensile stress in the surface layers to that normal to the surface. In other words, the shallow angle of the crack propagation results as the multiple fatigue cracks are propagated in the direction perpendicular to the principal stress. Also, striations were clearly identified in the fatigue crack propagation regions. 
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The fatigue strength of steel plate with a central hole is significantly influenced by shot blasting when the fracture surface is concerned. As shown in Figure 3 , the fatigue crack is prone to initiate from the defect below the plate surface. For the shot-blasted specimens studied herein, the fatigue failure is influenced by both the defect induced by the shot blasting process and stress concentration at the edge of the central hole. In the former case, the fracture surface at the critical defect reported by Gerin et al. [10] is referred and compared with test observation in Figure 5 . It can be seen that the initiation of crack at the aforementioned defect location is similar from this comparison. The internal defects that can be regarded as the original defects close to the surface are condensed as a result of the compressive pre-stress induced by shot basting. Moreover, this agrees with the reported observation by Naidu et al. [6] that the initial direction of the crack of the shot-blasted specimen follows a much shallower angle to the surface. This can be regarded as the consequence of the residual compressive stresses existing in the surface, which translates the direction of the principal tensile stress in the surface layers to that normal to the surface. In other words, the shallow angle of the crack propagation results as the multiple fatigue cracks are propagated in the direction perpendicular to the principal stress. Also, striations were clearly identified in the fatigue crack propagation regions. As shown in Figure 4 , the codified category for the central holed specimens without shot blasting can be indicated as FAT 90, which is in agreement with that reported by Garcia et al. [15] . As shown in Figure 4 , the codified category for the central holed specimens without shot blasting can be indicated as FAT 90, which is in agreement with that reported by Garcia et al. [15] . In the EN 1993-1-9 [13] , the category FAT 90 is specified for the details of "hole drilled or reamed" for "structural element with holes subject to bending and axial forces". From the comparison, it is shown that the shot blasting improve the fatigue strength of test specimens by nearly 30%. Such an increase is apparently lower than that reported by Fujimoto et al. [9] in an experimental study of shot-blast spot-welded steel sheets. The fatigue limit of referred specimens [9] was nearly twice that of the non-shot-blasted ones. Such a difference can be attributed to the fatigue crack propagation modes. The fatigue cracks of referred specimens [9] were found from the tip of a defect of the corona bond portion around the nugget, while those of test specimens were shown to have not only occurred at the surface, but also the location related to the stress concentration induced by the presence of the hole. Regarding this, the effect of shot blasting on the improvement of fatigue strength may not be as salient for specimens with inherent local weakening or defects.
For the purpose of predicting the fatigue strength of the test specimens, the model suggested by Murakami [16] was introduced in this study. In this model, the size of defect and the hardness are considered to be related to the fatigue strength, and then the fatigue limit can be calculated as:
where A = 1.43 for surface defects. d e is the size of the defect which is equal to the square root of the defect or notch area. The value of HV is measured hardness, which is given as 109 HV and 161 HV for the specimens without shot blasting and after shot blasting, respectively. The applicability of this model was studied by Gerin et al. [10] . As such, it was used in this study and the calculated results based on Equation (6) are plotted in Figure 6 . It seems that the predicted fatigue limits are overestimated for specimens with/without shot blasting, which mirrors the unknown relation to the stress ratio and the local stress concentration induced by the presence of a hole. For the former relation, a correction by adding the stress ratio was considered by Yamabe et al. [11] . For the latter relation, the stress concentration factor (K to ) is herein defined as the ratio of the maximum tensile stress (σ 1,max ) at the edge of the open hole to the stress that is located far from the hole (σ 0 ). Regarding this, it is assumed that the open hole plate is subjected to a uniform tension magnitude of σ 0 . Also, the change of the stress distribution in the neighborhood of the hole is expected to be negligible at distances which are large compared with the radius of the hole, i.e., a plate of infinite size. The position of a point can be defined in a polar coordinate by the distance from the center of the open hole (i.e., radius r) and by the angle θ. The tangential stress in polar coordinates [1] can be obtained as:
where r bh is the radius of the central hole. Substituting r = r bh and θ = π/2 or 3π/2 into above equation, the maximum tensile stress at the edge of the open hole can also be calculated to be σ 1,max = 3σ 0 , i.e., Proposed Eq. (9) Proposed Eq. (9) Eq. (6) Eq.(6) Figure 6 . Comparison of experimental and predicted fatigue limit of test data.
It is noted that the calculated Kto depending on above assumption of the plate of infinite size is subjected to change, i.e., a plate of finite width or length close to the radius of the hole. Notwithstanding, the stress concentration factor Kto = 3 has been widely adopted for the calculation of stress concentration of open hole details in engineering. As such, it was chosen for the analytical equation herein.
Therefore, the Murakami model can be modified to take into account the relations of the stress ratio as well as the influence of the local stress concentration as: 
where the exponent k is given as: k = 0.53 + HV × 10 −4 . R is the ratio of minimum stress to maximum stress. ms is the surface condition modification factor [17] , which depends on the quality of the finish of the actual part surface and on the tensile strength of the part material as:
where σult is the ultimate strength of steel in MPa. For common finishes of the machined parts studied herein, the factor a and exponent b can be given as 4.51 MPa and −0.265, respectively. Moreover, it is worthy of note that the effect of shot blasting has been taken into account in Equation (9) from the aspect of the improvement of the resultant hardness, which was deemed a primary parameter of the fatigue strength by Gerin et al. [11] . The increase of compressive residual stress, on the other hand, is not considered for the sake of simplicity. As plotted again in Figure 6 , the modified equation exhibited a better correlation with the experimental data of the steel plate with central hole details, whether or not the shot blasting is taken into account. As a further contrast to the original Murakami model, the calculated fatigue strength is plotted in Figure 7 by varying one of the parameters of R, de, and HV while keeping the others unchanged. It is shown that the predicted fatigue strength is least influenced by the hardness, HV, while the descending trend of fatigue strength with the increase of de is similar for the predictions by both models. In comparison, the overestimation of the original Murakami model becomes greater with the increase of stress ratio, R. Moreover, the strength corresponding to the fatigue limit is consistently decreased with the increase of R. Also, the resultant fatigue limit of shot-blasted specimens becomes close to that of specimens without treatment as R is greater than 0.8. It is noted that the calculated K to depending on above assumption of the plate of infinite size is subjected to change, i.e., a plate of finite width or length close to the radius of the hole. Notwithstanding, the stress concentration factor K to = 3 has been widely adopted for the calculation of stress concentration of open hole details in engineering. As such, it was chosen for the analytical equation herein.
Therefore, the Murakami model can be modified to take into account the relations of the stress ratio as well as the influence of the local stress concentration as:
where the exponent k is given as: k = 0.53 + HV × 10 −4 . R is the ratio of minimum stress to maximum stress. m s is the surface condition modification factor [17] , which depends on the quality of the finish of the actual part surface and on the tensile strength of the part material as:
where σ ult is the ultimate strength of steel in MPa. For common finishes of the machined parts studied herein, the factor a and exponent b can be given as 4.51 MPa and −0.265, respectively. Moreover, it is worthy of note that the effect of shot blasting has been taken into account in Equation (9) from the aspect of the improvement of the resultant hardness, which was deemed a primary parameter of the fatigue strength by Gerin et al. [11] . The increase of compressive residual stress, on the other hand, is not considered for the sake of simplicity. As plotted again in Figure 6 , the modified equation exhibited a better correlation with the experimental data of the steel plate with central hole details, whether or not the shot blasting is taken into account. As a further contrast to the original Murakami model, the calculated fatigue strength is plotted in Figure 7 by varying one of the parameters of R, d e , and HV while keeping the others unchanged. It is shown that the predicted fatigue strength is least influenced by the hardness, HV, while the descending trend of fatigue strength with the increase of d e is similar for the predictions by both models. In comparison, the overestimation of the original Murakami model becomes greater with the increase of stress ratio, R. Moreover, the strength corresponding to the fatigue limit is consistently decreased with the increase of R. Also, the resultant fatigue limit of shot-blasted specimens becomes close to that of specimens without treatment as R is greater than 0.8. Therefore, the improvement of the modified Murakami model proposed herein for the prediction of fatigue strength is greatly due to the properly allowance of R and de as well as the stress concentration induced by the presence of the hole details. Nevertheless, further experimental and numerical studies are still required to validate this proposed equation.
Concluding Remarks
•
For shot-blasted specimens, the fatigue failure is influenced by both the defect induced by the shot blasting process and stress concentration at the edge of the central hole. The fatigue cracks are found at the defect below the condensed surface induced by shot blasting. The defect can be regarded as critical since its further propagation can lead to first crack initiation. The shot blasting induces compressive pre-stress on the surface, which in turn condenses the size of the defect. On the other hand, the interaction of stress concentration is not negligible, since it may increase the crack propagation during fatigue loading.
The codified category for the central holed specimens without shot blasting can be classified as FAT 90 in accordance with EN 1993-1-9. In contrast, shot blasting improves the fatigue category to FAT 160 for the test specimens. However, such an improvement is still lower than that reported by others for the specimens without clear geometric weakening or defects. In this regard, the local stress concentration should be taken into account in the evaluation of the beneficial effect induced by shot blasting.
• The modified Murakami model proposed in this study seems to give a better prediction of the fatigue strength of the central holed specimens with or without shot blasting. The difference between the proposed modification and original model lies in the proper allowance of the stress ratio and the size of the defect as well as the stress concentration induced by the presence of the hole details. These considerations are validated as compared against test results. Nevertheless, more experimental work is still needed to further the understanding of the crack Therefore, the improvement of the modified Murakami model proposed herein for the prediction of fatigue strength is greatly due to the properly allowance of R and d e as well as the stress concentration induced by the presence of the hole details. Nevertheless, further experimental and numerical studies are still required to validate this proposed equation.
Concluding Remarks
•
The modified Murakami model proposed in this study seems to give a better prediction of the fatigue strength of the central holed specimens with or without shot blasting. The difference between the proposed modification and original model lies in the proper allowance of the stress ratio and the size of the defect as well as the stress concentration induced by the presence of the hole details. These considerations are validated as compared against test results. Nevertheless, more experimental work is still needed to further the understanding of the crack initiation manner of the joint and provide further improvement to proposed method stated herein.
